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FOREWORD

This report was prepared by the Re-entry and Environnental Systems Division of
the General Electric Company, Philadelphia, Pennsylvania, under AF Contra et
F33615-69-C-1503. This contract was initiated under Project 7340 "Nonmetallic and

Composite Materials", Task No. 7-34001 'Thermally Protective Plastics and Compos-

ites". The work was administered under the direction of the Nonmetallic Materials
Division, Air Force Materials Laboratory (AFML). The AFML project engineer was
Mr. R. Farmer, AFML/LNC.

This report covers work performed bctween 30 March 1970 and 30 June 1971.

The manuscript of this report was released by the authors 22 July 1971.

This technical report has been reviewed and is approved. -
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ABSTRACT

Ablative plastic composite materials were investigated and develope, for !V:Ig time

heating environments. The desirable materials performance goals were low surface
ablation, insulative ability, and low weight without asymmetrical ablation, char in-
stability, Spallation or other thermomechanical effects.

The candidate materials consisted of (a) carbon, quartz, and silica cloth reinforced
polyimide resin, (b) loom woven, low density quartz (LDQ) insulatve layers using

} j . polyimide resin, (c) carbon-quartz bifilament tape reinforced phenaolic resin, (d)
filled ablative siliccne elastomers, and (e) a multiple iiterlock, filament wound

(MIFW)-carbon filament reinforced phenolic resin cylnder,

Candidate materials and reference carbon and silica cloth reinforced phenolic resinous
composites were evaluated, PolyImide resin composites were generally comparable
to the reference materials. LDQ proved an effective light weight insulator -%hen used
between a-heat shield and aluminum structure. Outstanding carbon-quartz bifilament tape
performance was obtained, but the results could not be adequately reproduced. Ahere
were no attractive performance features for the two remaiing concepts.

The test environment was generated by a 5 megawatt air arc heater, which was operated
stepwise over 300 seconds to give a 36,550 Btu/ft2 heat load. Other nominal conditions
over the 230- and 70-second heating intervals were 5000 and 5000 Btu,'b enthalpy; 25

tJ !and 440 Btu/ft2-sec heat flux; 0.4 and 2.5 lb/ft2 shear stress.

A high heat flux, dual channel characterization procedure %as developed to investigate
the ablative performance (f materials under conditions more representative of advanced
missile entry missions. Preliminary characterizations were conducted for selected
reference and candidate composites.

An analytical study was made of materials response and to confirm experimental results.
Good agreement was generally found between analytical and experimental results for
carbon cloth reinforced phenolic resin and other composites.

; iii/iv
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I. INTRODUMV.ON

4;! Ablative heat shield materials, are usually exposed to peak high heat flux and peak high - -

shear force'environments for relatively brief periods of time. A low rate of surface
4 - recession is ths a prime performance requirement. Ihere are advanced missile
i entry systems, however, that will require efficient insulative ability in addition -to low

recession, for lengthy, high heat load missions.

The selection of ablative materials for high heat loads can be made only if the t6tal

environment effects are clearly understood and practical performance criteria are
applied to the problem. The long period of heating first imposes a requirement for a
high degree of insulative ability in addition to the usual. ablative resistance. Secondly,
it must be-recognized that early decomposition and loss of resin may result in thermo-

j mechanical phenonwena such as asymmetrical erosion, char instability, spallatioh, and
surface roughness. The effects ate of particular importance during the increasing
heat flux- and shear stress period at the lo er entry altitudes.

j~l This program was initiated to examine materials response under the- advancei environ-
mental requirement of high heat loads and to conduct exploratory development to pro-
vide new -and improved-materials for maximum- efficiency. The desirab'e performance
goals-were high ablative resistance against thermochemical Surface remova , insulative
ability for structural thermal protection, and low total weight per uxiit area, without
therLomechanically induced deleterious phenomena. L

In the first years' work, an investigation was made of the adequacy, limitations and
materials problems associated with the use of state-of-the-art tape wrapped carbon cloth
and silica cloth reinforced phenolic resin composites. The erosive resistance, insulative
ability, and structural integrity of ablative-materials was evaluated using a high heat
load characterization environment. The effects of composition and construction were
investigated for a series of three reference and four candidate composites. The
variables included cloth type, fiber orientation within the cloth, fiber size, resin type,
and weave pattern. The ablative responses were highly dependent upon composition
and construction. Asymmetrical erosion, excessive erosion, or high internal tempera-

B -, tares was found for several composites.

Certain carbon cloth and silica cloth reinforced phenolic resin composites gave
acceptable ablative surface patterns, mass loss rates, and internal temperatures.
These materials were relatively heavy. Consequently, multilayer lighter weight con-
cepts were examined. A low density quartz (LDQ) construction was shown to be an effec-
r ve and light weight insulator when bonded between the heat shield and aluminum strue-
tare. The LDQ consistel of phenolic impregnated quartz strands, which alternated at

-~ right angles to yield a square wall, non-laced patterned construction.

I '1



A considerabIL effort was devoted to the development of an appropriate environmental
simuiation capability. The unique facility features a five minute run in two steps Ifor a
large specimen. An exposure of 230 seconds ata low heat flux is followed by a step-
changq to a high heat flux period of 70 seconds. the nominal heat flux, enthalpy and
shear stress environmental conditions-are further summarized-by Figure 1. Specimen
dimensions were 5 inches length by a 1.75 inch width-by a variable thickness There
was abond ed aluninim structure, five thermoc6iples, and a 20 degree fiber angle for
thepsimulated ape wrapped specimen.

The exploratory development prograin was continued.a second year to develop improved
,concepts as. described by- this report. The emphasis was on heterocyclic resins, abla-
tive-insulative layer composites, 19w density elastomers, and a filament wound cylinder.
the candidate concepts included: carbon, quartz and- silica cloth reinforced polyimide

- resin (which is more thermally stable than phenolic resin); LDqusing polyimide resin; -

carbon. iiartz bifilament tape reinforced phenolic resin composites; filled ablative silicone
elastomers; and a simulated multiple interlock, filament wound (MIFW) carbon filament
reinfoiced-phenolic resin cylinderwith promising ease of manufacture.

In addition to materials exploratory development, improvements were made in the design
and Olqpration of the air arc -heater for high heat load characterization. Additional
improvements were made in calibration procedure and the- reporting of experimental data.

A dual channel characterization was- developed to examine ablative performance under
conditions more representative of advanced missile entry missions with-athigher heat
fluxpulse and shorter period of heating. The nominal-envirbnimental- conductions cow-
Sisted :of a-calrimetrica-heat ffi.x of- 1200 Btu/ft2 -sec, en '.halpy-of 7000,Btu/lb, and run
time of. 15 seconds-for a heatload of 22,500 Btu/ft2 . Specimens dimensions were 5
inches/length by a 1.75 inch width by a variable thickness. There were! four thermo-
couples and a 20 degree-fiber angle for the two matching simulated tape wrapped7speci-

- -. mens. Preliminary characterizations were condacted for reference carbon cloth and
silica cloth reinforced phenolic resin composites, candidate carbon cloth and silica

- cloth reinforced polyimide resin composites and a graphite.

An existing computer code was modified to permit the analytical study of materials
response and to confirm experimental results. Good agreement was generally found
between analytical and experimental results for the reference carbon cloth reinforced
phenolic resin composite and LDQ composites for the- two types of ablative charac.-
terizations.
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: 2 -; : , : : 1I. TECHNICAL APPROACH

" iFABRICATION

~Fabicaion of new concepts and specialized test specimens continued. There were
s m ri sf alures n not all sp c m n e esc e=ul ompleted.: For

i~i  simulated tape wrapped specimens, t.he fabrication process outhned in the interim

i. -annual report was used.

(!i P13N (B-138) ANDAREFRASIL C-100-48

~Five, small scale process studies were made to determine a final process for the

production of 200 oriented-bias tape flat panels uiili: ing, P13N/Refrasil and autoclave?

it equipment. -

.... Thestudes nclued'B" stage times and coating applications (Resin pick-uP). "B" stage

J 0 temperatures were constant as well as laminating pressures. The gel time of the resin

was 66 seconds at 190 =C. Resin solids was 40 percent.

" The initLial three attempts resulted inna porous lam~hate having little structural integrity
after pot cu-~ruh60 F ~telwwas -pe~a the cured laminate could be-

dlaminated, ply by ply with little pressue exerted.

-N-

, The fourth attempt -included a consolidation step under vacuum bag pressure (14 psi) at
S300*OF for 15 mnts-olwdby 150 psi (press) and 300 *F for one hour. eifo

i! was evident at 300 OF - 150 psi and the laminate appeared structurally stable on cool-

down-. Several small. voids were noted.

:-" ;The fifth study included an additional time cycle in the consolidation step. This time

was increased to minimize voiatile entrapment.

4i~iThree oriented layups were, made, and processed in the autoclave. All three were lost

i when the post cure oven temperature control failed and they were exposed to 1200 OF.

. t They all showed evidence of delamination prior to post-cure.

I
B.
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Thefift h stQdy included an auditlonalime cure In fie pobsolidation stop from 15 toO3-
minutes followed by 150 psi pressure at 3C0_F fc,' one hour. 'The resulting lair.nate
showed evidence of flow, structural Integrity, '4ut still- evidence of small voids.

The sixth study included a consolidation st,,p at a lower temperature (200 *F) for a longer
period-of time (one hour) in an attempt tr minimize Volatile entrapment. Subsequent pro-
cessing at 150 psi pressure and 300'F ',roduced-an acceptable, structurally srtabjeflat panel -

The above process was scaled-ur to the standard model configuration-20 o orlented--
45 0 bias tape model and proces sed by autoclave techniques at 150 psi and 350°F temper-

ature. The resulting panel ar,peared structurally stable. Resin content at this point -
36%. On post curethrough 400 'F the oven control and override mechanisms failed,
the oven temperature reac'ing a minimum of 900 OF. Resin burn out and delamination
was evident.

The process was repa!A' tho cured laminate post cured through 600 F. Samples ,9

were machined to midel test size. These machined pieces showed some porosity, and
low density areas. Further work with the P13N material was abandoned due to pro-
cessing difficulit, s.

Gemon L - QCaartz Sample 'Processing -

MRinferdement 581/9073 Quartz Fabric

Resin Content 36 to 39%

&SAvent Content 9.4% average

Tb , material as received was cut into 2 in. -wide tapes at 45 orientation and further
sce ctioned into 12 in. lengths. These were then stacked into a 12 x 8 in. mold at 20 0
v'ngle.

The panel was consolidated under vacuum bag pressure (14 psi) for 1 hour at 200 OF.

This panel was further processed at 150 psi autoclave pressure and 350 OF for six hours.

Post cure included 12 hours at 400 °F plus 8 hours at 500 OF.

Samples were machined to test model configuration-t. 0 x 1.75 x 0.5 in. Density was~-1.71 g/cc.

/4
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I A previous panel processed In the identical manner, post c6r-a l-in a run- -

-r estimated temperature 900 OF-survived sufficiently to be machined into test panels.

Resin content after (900 °F) post-cure - 36-percent. -

4 Specific gravity - 1.70 g/cc

One specimen of each post cure condition was submitted for test. The fact that the
composite was able to survive a very high temperature exposure-for a substantial
period of time made it of increased interest in this program. -- '

Silicone Elastomer: 'two specimens based on TBS 542 silicone rubber were prepared.
They were Identified as GEM 1 and 2.

GE TBS 542 Experimental Silicone -(Modified with Sic)

! ISample Preparation K

Formulation grams

TBS 542 200 84.1
A TV 98il ,catalyst 16 6.7

"'Silicon- carbide 600 mesh 22 9.3

Total 238 100.0

, t-Process

The TBS 542 was thoroughly blended by mechanical stirring with the RTV 9811 paste
,catalyst until a uniform green color was cbserved (5 minutes). Silicon carbide powder

was added slowly until a uniformly dispersed (10 minutes). The mix was then dea-
rated under 14 - 15 psi vacuum pressure. The mix although somewhat thixotropic was

1capable of -being transferred into a 6 in.. x 3 in. x .5 in. cavity by utilizing a vibrating
ii~i table.

A Cure

Initial Cure 16 hours at 75 OF

8 hours at 200 OF
Post Cure 16 hours at 250 OF

8 hours 300 OF

5



TestSample

The cured TBS 542.sample was bonded-under moderate pressures to a 0.0625 in.-thick
6 x 2 in. aluminum plate (2024 T3) using RTV 560 0.5% T-12 catalyst,

8 hrs @ 160°F
Post cure of the bonded sample 8 hrs @ 200"F

8hrs @ 300F"

-On completion of the cure the sample was sectioned and surface ground to the test con-
S - - -figuration 5.0 x 1. 75 x 0.5in. The density was 1.5g/cc.

In additionto the modified material, an unmodified specimen was prepared for corn-
parison putposes. Both materials-were used-to complete the evaluation of the DCM-1
-specimen. - I
Table I outlines the properties of the-unmodified resin casting.

MuItiple Interlocked Filament Wound (MIDFW) Cylinder

The tbjective of this effort was to filament wind a MILFW cylinder composed of two
(1/4 in. -wlda) PX505/2510 helical bands interlocked into five (1/16 in-wide) PX505/

S2510-circumferentiaiiands. The phenolic resin u.Pr, waT* 2510.

* - Previous investigations have indicated that the quality -of a filament wound structure
is highly dependent upon the tension applied to the circumferentials. In this instance,i it was-not possible:to apply tension to the circumferential band because of the separa-
tion of the two PX505 yarns which made up the 1/16 in. -wide band. One yarnwould

carry all the tension applied to the spool while the o:her yarn would not be under any
tension.

Rather than return the PX505/2510 band to the material processor, attempts were made
to utilize the material by applying supplemental individual tension to each yarn. This
was done by constructing individual spring actuated tension arms which would apply -

tension to each yarn while still utilizing the basic spool tension brake.

Extensive trials revealed that the tension arms would not provide adequate circumfer-
ential winding tension on a consistent basis for the time span necessary to construct a
MILFW cylinder. The process has been abandoned as being impractical with current
materials.

6
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As a substitute foz the multiple interlocked filainient v ,und specimen, a helically
rewound PX510/DP2510 specimen-was prepared and cured. Upon sectionihg it vwd
noted that. this first winding contained a circumferential crack about midway -throughV1 the piece. A second wmding Was prepared and cured, ind showed no evidence of
cracking when sectioned. This second specimen has been reimpregnated with addi-
tional phnolic resin, 'and preared for test.

Figure 4 shows the cast, impregnated specimen, and. Figure 5 shows the machine&'
cylinder.

Combination..Tape -Quartz/Carbon. c t e'

The combination tape as supplied by the vegdor-consists of a three-incl wide, unim-
pregnated carbon, qUtz cioth-baving a ratio of 2-1 carbon to quartz. i is inter-
woven with strands -of organib yarn. The cmiaintp sson Iiue6

Ablation samples were prepared by the following process: .

1. Sixteen, 60-inch lengfia oi tape were cut and dried in an air circulating oven
at 275 0F for two h- ars.

2. On removal they were immediately impregnated with a 40 percent solution of' ~DP-2510, -phenolic resin., -in--Ethanol. "

3. The tape was then "B1-Staged I hour at 280t.
4. A second coat of DP-25I0-was 'appl-ked.

5. The tape was "B" Staged 2 hours bt 180 0F.

6. The impregnated tape was then cut into 5-inch lengths.
7. These 5-inch segments were trimmed leaving v carbon layer of i-inch and

a quartz layer of 0.5-inch. This was done to facilitate m6lding.

8. The 5-inch segments were laid up at 20 wp in an eight inch mold.

9. The lay-up was consoldated at 180°F (vacuum bag pressure approx.14 psi) for
one hour.

10. Rebagged and cured in an autoclave at 150 psi under the following scheduled: -

350°F 2 hours
375 OF 2 hours
400 OF 4 hours

11. Specimens were machined to 5-inches x 1.75-inches x *0.375-inch.

*Total material thickness after cure - 0.395-inch.
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The resin content - of the impregnated*ape was 50 percent.

The density o the~cured part was -1.34,g/cc.

The ratio of carbon to quartz in the cured part was six trone.-

The line of demarkation between quartz and carbon Was: excellent.

No other properties- were measured since-the thickness of tie quartz layer Was less
than desired. A 10X view is shown in Figure 7. A second se of ablation, samples
were prepared using the techniques outlined. Two, exceptions- were-made:

1. The tape was- molded as a 3-inch width without trimming.

2. Quartz scrim, cloth (j-. - . Stevens) was inserted between each layer of com-
bination- tape to achie've -'. more uniform quartz thickness.

Arc Modificatiofis -,-

As a, result of previous tests, minor water leakage arm nd ar. O-ring seal in the second
plenum was observed. The problem was attributed, to apparent- progressive shrinkage
of the-copper ler of'the plenum. Although-the leakage was.not serious, remedial
action was vaken; despite the repair and improvement in water flow, the.plenum devel-
oped-a- leak during the subsequent rrui

Because there has been increasing difficulty with the secondary pleLum hardware, a
new plenum design was prepared. The modified set -up is shown in Figures- 2 and 3.

Construction of the dual channel components and specimens for the high heat transfer
tests was completed. The test specimens will consist of 20' tape wrapped carbon
phenolic and ATJ graphite. The dual channel test exhibited. the following, basic operating
characteristics:

Heat Transfer 1500 BTU/sec-ft (Extreme - 5.3%, -9,3%)

Enthalpy 6740 BTU/lb (Max. variation: -8. 0%)

Delivered Power 2220 KW (Max. variation: -2.6%)

Specimen Pressure 54 psia (Variation -3. 0%)

The configuration of the dual channel equipment is shown in Figure 8.

8
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MATERIALS- AND CONCEPT-SELECTION

A number of new concepts-were prepared during the second half of this stud program,
including, some tape wrapped specimens utilizing a low densit insulator, and some

cast elastomeric materials ud a filament wound specimen.

- Table I outlines the specimen materials and gives, details of construction. With the
exception of A472B, all shield materials were of high density andunifrmly good~quality.
M' A4-7B was a specimen-prpred from CCAI-1641 Carbon fabric and Skybond 700, a

material that-characteristically produces-composites. with-ahigh void content (Refer-
ence 1). A-newly developed polyimide resin that cures by an additionpolymerization

p: cess was selected to overcome the difficulties experienced with Skybond 700 (a con-
densation _ p rner), and specimens A4-3, 4, and 5; and A3-4 were prepared. The
resin, is codenamed-: i7B1000B. * The carbon composites exhibited a density of 1.42g/cc, and.the silica-composites had a density of 1,88 g/cc. Neither showed any evidence

of voids upon microscopic examinations. For' comparison, specimen A2-2, a standard-
siiicaophenolie, was tested during this period. The C-4 specimens were based. on a

-, 11combination tape composed of VYB yarn and quartz yarn. The tape and fabricated
specimens were described in the fabrication section.

Specimen-C1-5-was-a 0.2 inch-thick carbon heat shield over a low density quartz

phenolic insulator with a radiationbarrier.

It should be noted that specimen C-6 contained only 5 thermocouples, two in the
shieldamaterial_ one-at the shieid/insulator interface,- one at-the cold side of 'the radi-
ation barrier,, and one at the aluminum bond line. The sketch below gives details of
construction.,

HEAT SHIELD
0.25.LOOP

i .121" RADIATION BARRIER

.125" LDoP

0.0625" -ALUMINUM

L A The heat shield thickness was selected based on the results obtained on CL-5 during a
F L previous run.

The Quartz/Gemon (polyimide) composites, A7-1 and A7-3, were not as uniform in
appearance as the silica/Gemon, A304 and A3-8, material, but showed high density
properties in spite of the presence of some small cracks, DCM-1 (DC93-104) was
supplied in cured form, and tested as supplied.

*GemonL
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- ABLATION TESTING-

r TWO PHASE H1EA IT'4G_

The -data- acquired during this program are given in Table -I. A review of data acquired
during the last group of ablation, tests shows- that significant improvement has-been
-,chevedin controlling input energy to the arc. Correspondingly, plenum-pressure
and secandary plenum p-ressur' -values are also relatively uniform. This can-be rieadily
seen-by comparingplots in- Figures 9 through 28. While-this indicates an-improved
operational procedure, subsequent testing may provide even better repeatability,
The genoral behavior-of the chanhel wall pressures is attributed to the variation m
performance of the nozzle as a result of specimen ablation. Although there is no
immediately evidenitcorrelation between 'he types of materials and- the gross channel
pressure curve characteristics, it is. difficult to identify any other mechanism which
has the potentialfor producing the changes observed, Ineffective-sealing of the speci-
men- to the chaiel fmay be basically ruled out because -the various tests nearly all

- exhibit sustainedpressures below atmospheric. In some cases values of the orde- of
2/3 atmosphere were recorded. Note that no pressure responses are recorded- for dual
channel tests-.

With. reference of the heat-balance, the results were more uniform than in the early
series. Naturally,- in part, this, was- due to more uniform application of the available
electrical energy, but -mare improvement may-be obained when the recommended

-thermocouple array is installed in the water circulatory-system.

. - The next-set of figures-show the surface temperature responses of the tested composites.
Figure 29 shows the high heat flux environment portion of the C1-5 test; the low heat
flux environment indicated a steady reading. Note the jagged shape of the first part
of. the curve, which then smooths out and has two peaks at about 4000 "R and 4400 OR.
This composite consisted of a standard CP heat shield 0.2 inches thick over an
insulating structure. Figures 30 and 31 show the surface temperatures attained by the
specimen during the high heat flux portion of the test-on A4-3 and A4-4. These were
CCA-1 polyimide composites. Note the large differences in surface temperature,
possibly caused by the change in total enthalpy in the two tests. It is of interest to
note that radiation changes were observed after the arc was shut down. Figure 32
shows the total run response of Specimen A4-4.

Figure 33 shows the surface temperature of Specimen C4-1, which was a composite
prepared from a bicomponent tape, with the carbon portion at the surface. One peak
after power shutoff can be seen. The low heat flux environment showed a stable sur-
face temperature, while the high heat flux portion showed a wide temperature variation.
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lgure 34 shows the high heat flux portion of the surface temperature of A4-2B, a low
density CCAi- polylmide composite. Thils-specimen allated through to the aluminumi
backing plate. Figure 35 shows the toal, ripn temperature, showing variation during,
the:low heat fluportion of the run.

Figures, 36 and37 show the surface temperature respise of specimen A3-4, T silica -I
polyimide.-(GE) composite. Variabre-temperature§ at the surface during the'high heat

;; flux envijonment are apparent, with one flash occurring after shtitdown.

Figures 38 and 39 show the-surface temperature response-of specimen A2-2, a sllica
phenolic having the same approximate density as A3-4. Note the extreme differences
SIn -,respopse between the two.

Figures 40 and 4] show the surface-temperature response of C4-2, a bicomponent tape
.composite similar to specimen C4-1. Surface temperature variabilt is again appareitt.
Therest of the figures aso-showvariability. I is necessary to point out that Rill
length temperature response curves were not drawn for all specimens in whic: the low
heat flux portion-was uniform, since the major area of interest and most of the vari-
ations, took-placd during the high heat flux portion of tho -run.-

The specimens based on GE polyimide (A4-3, A4-4- and A4-5) emitted energy afer the

arc-was shut down. One other specimen, also a polyimide based composite (A4--2B),
dicbnot display this property, but showed a rapid decay in-surface temperature. C4-:,
a phenolic resin based material; als-o showed one flash of uergyafter arc shutdow.
All phe-peciins sh6wed aonsiderable surface tmperatu e yariability during thehigh
-1he uprtion of the runs A op rison of iure ariailityr in e
heat flux portion of the run. A comparison of Figures 45 and 53- is interesting, since
it shows- the surface temperatures of tub different silicone resin formulations. Figure
55 -will be supplied.

Figures 56 through W show the Interal temperature response modes of t-a:, tested
specimens.

Figures 77 throigh 96 show the recession profiles of the tested specimens.

Figures 97 and 98 show the ablated Cl-5 specimen, both full view and in cross section.
Note the-melting of the quartz insulator layer, shown by the disassembled specimen in

Figure 99.

4 Figure 100 shows a specimen typical of both A4-3 and A4-4 before tesc. Figures 101
and 102 show A4-3 and A4-4 after test. No cracks are apparent in either piece.

Figure 103 shows C4-1 prior to test. Figure 104 shows the full face post test appear-
ance, and Figure 105 is a three quarter view. Since this was an unusual orientation of
fiber in which the yarns are not biased, the relatively good performance of this speci-
men is of interest.
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Figure 106 shows the-appearance of A4-2B, a carbon polyimide CSkbond 700) com-
posite after test, This., aa low density composite, and-it-performed poorly.

Figure 107-shows A3-4, a silica polyimide jaddition type) prior to test. Figures 108-
and 109 -show the ablated- specimen.

Figures 110 and.1U show specimen A2-2, silica phenolic, after ablation., Contrasted
: with A3-4, the appearance of the two materials-is siinilar. Figure 112 shows the ab- F

lated-surface of specimen C4-2, displaying erosion to-the~quartz portiol of the bicpm-
'- -ponent tape

Figures 113, 114 and 115 show the ablated surface of specimen-Ci-6. This concept
: .. utilizes a radiation barrier in-the low density componcht.

- - Concept C1-8 is shownin Figures: 116,. 117, 118 and 119. NDCM-1 (a silicone elastomer)
is shown in Figure 120,, unablated. The cross section (Figure 121) shows the clear
demarcation between virgin material and char. -
Figures 122 through 126 show specimens C5-1 and C5-2, utilizing low density insula-
tive components. Specimen R2-9 is shown in rigures 127 and 128; this was- i retest of
a standard material. Figures 129"and 130 show specimen C1-7. Two quartz/Gemon
composites are shown in Figures 131 through -136. In spite of. the presence of small
cracks, the:materials performed as well as silica phenolic.

A- modified-silicone is sho wnin Figures 137 Through 142. The full length run on GEM-
showed-that this elastomer performed poorly when compared to DCM-1.

C4-lA is shown in Figures 143 and 144. A filament wound concept is shown in Figures
145 and 146.

Dual Channel Test

The dual channel test which examine the relative performance of ATJ graphite and tape
wrapped carbon phenolic, was conducted in a structure fabricated from ATJ graphite. (Fig. 8)
Fitted to the standard arc hardware, the graphite structure consists of three components.
The first is a grap ite transition nozzle. The flow directed through the nozzle enters
a circular section and exits through a rectangular section measuring 1.0" x 0.5". The
channel proper, formed between the remaining two graphite plates accepts the flow at
this point and is tapered to an exit measuring 1.01" x 0.35". The later dimensions con-
stitute the throat at which the flow attains mach one. Evaluated at the measured
enthalpy and the pressure within the channel, calculation.s place the flow velocity at
several thousand feet per second. The present test was unique, in that both faces of
the channel incorporated instrumented specimens. For this reason evaluation of heat
transfer and channel pressure were based upon current, voltage and plenum pressure
records compared with accumulated data obtained during previous channel flow tests.
The enthalpy was obtained directly from the heat balance data acquired during the test.
The results are summarized in Table III.
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j The da-a generated by the thermocouple instrurentatiop, is shown in Figures 147, 148,
Sand 1.49. The latter fire gives indication of the cooling profile of the caxhon phenolic in

which three thermocouples survived. All thermocouples failed on the ATJ graphite.

Even without quantitative evaluation, it is readily evident that thermal conductivity in

the carbon phenolic -is -much less- thah in-the-ATJ gr;phite.

Followipgtest, both specimens:-were sectioned longitudinally and measured. Although

-the ablated -face of the ATIgraphite appears relatively uniformto'visual inspection,

pthe profileplotted to anexpanded scale (Figure 10 x hs more irregularity.

The-section 0fthe carbon phenolic exhibits -fissures as did-theATJ. However, these
appear to extend, only to the depths wo which -degradatilon has -progressed. It is quite

evident, as has been described previously" ("Ablation Test of a Modified Four Harness
Interlock Fabric in the- HyperthermaLArc", J. Mletzger, TID 8151-020, 11/21/69),

that removal or softening- of'the resin results in a r laxationof the fibers- compressed

during fabrication. Wiea raised to their relaxe position,, the resin depleted fibers

effectively obscure the true iecession. A heat:of ablation model based on specimen

recession can report highly optimistic va lues, Thebasid profile of'the specimen is

recorded in" Figure 151.

Figture,152-is a photograph showing the ATJ and carbon phenolic specimens prior to test.

Figures 153 and 154 ahow the two -specimens in- the mounts, after test. Figures 155
and 156are~sectional v$ews of the abtated specimens. The presence of cracks in both

specimens.after test-shouldobe noted.

Since it Was obvious thai the fiber structure had expanded, the problem. existed of esti-

mating the tfue recession which had been realized. To make such-an estimate, the

positions of the thermocouple holes were measured, based on the photographed

scale. These were compared to the thermocouple depths originally measured when

the specimen was instrumented. It was found that the disparity in measurements in-

creased'as the holes approached the ablated surface (Figure 157). The values we'

referenced'to the original hole measurements and the growth factor, extrapolated to

0.452 (the original surface) suggested net expansion of 38 mils above the original

surface In actuality, the ablated surface above the uppermost thermocouple was pro-

filed at 0.458", or six mils more than the original face, from which actual recession

is deduced to be 33 mils. A measurement of the distance from thc thcrmocouple hole

to the ablated face on the photograph yields 0.14/2.08 - 0.067". Since the original depth

was 0.100", this also indicates a recession of 33 mils. The reression values tabulated

and plotted were obtained by difference from the unablated edges of the specimen after

test. Since these were restrained, their tendency to grow was less than the unrestrained

center region. Nevertheless a maximum net growth of 28 mils was recorded.

Two additional dual channel tests were conducted. In this configuration, a pair of

specimens was exposed simultaneously in the same test configuration. The configura-

tion, a channel, was prepared to accept a test specimen in the two opposite walls.
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Tests were at a heat transfer rate of approximately 1200 BTU/sec-ft3 and an enthalpy
estiraatOd-at 7000 BTU/lband lasted-fifteen seconds each.

One channel was fitted with two carbon/polyimide specimens of slightly-diffterent manu-
facbire tA4-5 andA4-7). Performances were not dramati-ally different, although the speci-

men of more xecent manufacture (A4-7) appeared to showa greater tendency to increase
dimensionally. The tendency to increase dirmensionally has benn noted on tape wrapped
carbon phenolic materials numerous times. At present it is not kxcown what factors
coa.tribute to the growth patterns. The second dual channel tends to further accentuate
the phenomenon and arouses speculation on possible factors exerting influence up on it.

The second dualchannel had installed in it a silica phenolic (A3-8) opposite a carbon
olyimide (A4-6). 1n-the course of the test, the silica phenolic was deeply (and ui- •

formly) eroded. Evei lateral undercutting of the specumen was noted. The-car'-on
compositoe was unique. It gave evidence of tremendous-dimensional increase.
Following test, even with ablative erosion, the centerline region was elevated about
1/8" above its original location. The growth observed was the largest noted to date.
-Since rapid ablation-of the silica polyimide created an abnormally large flow cross

"- - section, speculation centers on. the -possibility that local changes in test conditions
mighthave contributed to the dimensional increase. The basic test data reveal
that the gross environmental conditions (mass flow, power, pressure) were quite
comparable onzeach of the two tests.. Since a similar specimen was exposed in the
other- channel-test and showed a lesser material expansion, it appears most probable
that locally variable conditions led to the observed differences in performance.

The silica polyimide suffered ablative recession of about 200 mils. Since the test
was 15 seconds-in duration, about 13 mils per second were removed, except at the
-aft end. At the aft end ablation completely penetrated the specimen. This is the
result of the development of a forward facing step at the specimen-holder interface.
A vortex or similar disturbance at this region results in enhanced heat transfer rates
and correspondingly increased erosion. The effect is more pronounced when the step
is large.

The dual channel specimens offered several unusual results. In run 22-71, speci-
mens A4-5 and A4-7 were exposed. Subsurface temperature responses (Figures 158
and 159) and the ablation profiles of both specimens are presented (Figures 160 and
161).

The ablation performance of A4-7 is of interest. Although the recession was measured
to be irregular, when taken over the measured ablated surface, a mean recession of

14



approximately 90 mils was observed. Examination of:the depth of the thermocouple" holes lnthis~model, leads-to the conclusion that the specimen suffered a dimensional

expansion -which tends to hide the ictual recession -value. The post te ti ocatlons of
the thermocouple holes are shown on the profile (Figure 161). An appreciable change
in locati-onis evident. The numerical values of dimensional changes were plotted
against the original -thermocouple depth and a-nearly linear trend in thme changes of the
various holes can be observed (Figure 162). Projeted -to -a zero depth, the curveU- suggestb that the position of the original surface would-have shiftfAd higher-by 100 mils,
had:there'been no ablation.

Since a mean value of 90 mils of recession was noted, -it can be esiimated-tiat net -

true ablation was 190-mils, which is quite high. Expansion of the fiber matrix was
quite extensive. However, the behavior is consistent with materials property measure;-
ments. Under controlled heat loading tests, samples- of carbon phenolic have exhibited ]
a hysteresis-like phenomenon with respect to thermal expansion (Figure 163).

The second-dual channel test incorporated specimes A3-8 and A4-6. Their subsur-
:face responses-are given in Figures 164 and 165. The silica, phenolic-specimen (A3-8)
ablation profile is depicted in Figul e 166. Note tat the one thermocouple hole which
remained indicated a very slight tendency of the, material to retain an expanded dimen-
Sion. The ablation- wag severe, -having removed nearly three-quarters of the speci-

- --men thickness. The ablation resistant graphite downstf-eam of the specimen was
more-ablation ifesistant-and-created a-rear-facing step. Locally enhanced heat I-ans-
fer resulted in .increased-ablation in-the slecimen and penetration at the aft-end as
shown y the profile.

~iiThe carbon-polyimide specimen ablation profile is shown in Figure 167. Note the
apparent increase in thickness, du,,, to ply distortion, Photographs of the ablated
specimens are shown in the nex Ax figures. Figure 168 shows a top view of speci-
mens A4-5 and A4-7 after test. Cross sections are shown in Figures 169 and 170.
A4-6 and A3-8 are-shown in Fl.gures 171, 172, and 173.

A
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MISCELLANEOUS TESTS -

ELEMENTAL AA SES

Elemental analyses were p erformedon four samples for percent carbon, hydrogen, :
an dnitrogen. The samples were designated RI-4, R2-4v R3-6 and A3-4, consistiflg
of: Silica/Phenolic C-100-48/USP95 ]M5020; Carbon/PhenOlic CCAl-1641/USP95
FM5055A; Carbon/Phenoic Pluton BI/DP 2510 MXC-311HP and SilicafPolyimide CI00-
48/GE Polyimide respectively. The structural layer consisted of 202A-T3 Aluminum,

The analyses wereall performed on the Perldn Emer model. 240 Elemental Analyzer.
Because of the high carbon content of the samples, the analyses were rather erratic
until the allowed combustion time was increased from 2.25 to.5.25 minutes. At the -
lower combustion time the samples were not receiving enough-of an oxygen supply for
complete oxidation. The- finalized results are presented in Table IV and are within
-acuraeyof . 0.3-percent abolutc. r

- F LEXURA:L STRENGTH TESTS -

Fle:xiral strength determ. nations were made on standard materials, and on a carbon/
poiyimide composite. The data are presented in Table V. Thepolyimide -specimen is
in the same strength range as the phenolic specimen, in spite of its slightly lower
density.

SURFACE TEMPERATURE ANOMALIES

~A review of a number of test ruvs has emphasized an interesting characteristic of

the high h,.at rate surface temperature response of the carbon phenolic specimens.
In many of t he profiles, the surface temperature data generated at the high heat
transfer rate is characterized by a smooth rate of rise, initially nearly vertically
but rapidly inclining toward a constant level. After a few seconds (approximately 10)
there is generally an abrupt decline in the temperature. The data way indicate a
fall of several hundred degrees within one or two seconds. This is followed by
another rise in temperature similar to th. first but extending over a longer interval.
The pattern may or may not be repeated at various intervals thereafter, but the ini-
tial characteristic has bcen reproduced on a number of test runs. The surface

-temperature response is real and appears primarily as a response of carbon phenolic
specimens. Therefore, it is appropriate to consider an interpretation of the cause.
The extremely rapid imposition of the higher heat transfer closely approximates a
step function. The sudden presence of "le 'oater thermal flu;% will drive the immedi-
ate surface toward an equilibrium tempor,.; which Is higher. The driving rate can
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be postulated to force h. sUrface temperabife much faster than heat may be coi-
dactd internally. However conductiofi does persist and a portion fthe rein
content-of the- material s volatilized. The gefierat-d gases vent, resulingiva
rapid cooling momentarily. The surface-temPerature ieidsto recover as resin
seeking the surface must percolate from progressively greater subsurface depths.
It'is -ossible to attribute subsequent- abrupt changes in-surface tempb~ratui tok theemission of-volatiles from resin occlusions (perhaps locally) at various- depths,

which can increase the mass addition hinomentariiy. The-discussion is speculative,
but-the acquired evidence .indicates that the response characteristic that t attempts
to explain is -real- argd reasbnably reproducible.

ANALYTICAL IODELNG

Analytical-modeling of th2 various ablation processes (charring, s ublimiing,
melting, etc.) are-all adapted to machine computation-through the introduction of
Various simplifications. While the adaptations make the actual process more
amenable to machine computational techiniques, they none-the-less provide results
which- are reasonabld representations of the actual-physical resp6nses of an,ablator.
Consider a chrrtg ablator. It may be -depicted as shown in Fig,ure 174. TheF.location of-the initial face of the ablator is-shown. At time zero, it is in equilibrium
with the ambient environment. Convective and radiative heat transfer ipose time
depehdefit thermal flux upon the ablator surface. It will be assumed that the im-
pressed environment is sufficient to result in ablation. The applied thermal flux
elevates the temperatdre of the surface layer rapidly and conduction within the ablator
itsults in-a temperature rise prdfile-which-advancesthrough the -material -as a-function of
time. When the temperature at a depth is-sufficient, degradation of theplastic material
will-initiate. The complex organic molecules begin to-decompose progressively,
producing gaseous hydrocarbons and other Vapors and leaving a porous char residue.
-In mauv charring ablators, the char is comprised of carbon. Other" principal con-
stituents -usually present (H2 0 O2, N2 ). enter the gaseous products. As gaseous

products of degradation evolve, they produce increases in internal pressure, which
is relieved as the full, more porous char is developed. The graduation of char-
density and decline of internal pressure approaching the ablating surface tend to
direct the evolved gases to issue from the surface. If inert, these gases will-help
block incoming heat and help suppress transfer of heat toward the interior. If com-
bustible, the evolved gases may actually contribute additional heat to the surface
when combining with oxygen diffusing through the boundary layer. It is significant
to note that some porous structures in an ablator may sustain pressures locally
which are in the tens of atmospheres (Reference 3). Consequently, blowing of the
generated gases into the boundary layer may be at appreciable velocities in some
cases. With continued application of the source of heating, the plastic at the surface
will be completely degraded. No additional gas will be generated in this region
through the degradation process. The region involving such chemical changes will
advance further within the material. If the external environment is sufficiently
severe, the surface will be removed by structural failure, oxidation or even sublima-
tion. Thus the surface recedes, following the totally charred region and the region of
chemical reaction.
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Thieprocess described and the analogues for other ablative-processes hAVe been
dscribedmathematicaliy andmodified for automated coinputatior-. Thne computa-
tiiolsystem-developed Is-the REactionKinetics Ablation Program (REKAP). In the
case of a charring ablator, thE. REKAP conside se-thermal -balance bfan-ifni-
testimal element- of the dynamic system, iicorporating

1. Net heat conducted into thd element

2. Heat stored in the solid

3. Heat absorbed in. the chemical reaction

4. Heat stored in gag generated

5. Heat absorbed in cracking oi" recombination A

6. Heat generated due to friction

In considering the contributiuns of the various factors invol'ed in the ablatioii of a
.charrkng ablator,. it was found that some factors contributed negligibly to the thermal
balance. Consequently, these were elimi:nated, reducing the complexity of the de-
Sfining equation. The defining equation, upon simplification, is given as

7.atkT Ce - + F - -p +T--/mg- T

DescriLed In one-dimensional form, the expression has been generalized to accom-
modate greater latitude in variation of the char density.

= backface

x=X

6 x ax P6 t GF -c T 6

n m

M9 P PVA. e E ! R
g= i

Subject to the boundary conditions imposed, the equation describes events modeled
to occur within the reaction zone, which, by definition, lies between the original sur-
face and the backface. The boundary conditions xelate the exchange of heat across
the front surface to the internally distributed heat as described above and to the rass
transfer due to issuance of evolved gases and the recession of the specimen suface.
The mathine computation considers mathematically the thermal equilibrium bet% Oen
the two active regions: the reaction zone and the surface.
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As aboundary conditionj the surface of the specimen-is the source of the primary

therinra'enqrgies. Thd thbrmal balance at the surface is represented by

q not qcq RR q Block -

where

qc= hot wall cdnvective-heat flux = H (hr - h )
• 4

-q =- re-radiated heat-flux = a F- F Tw
-;RR ea wIk= transpiration cooling duo- to injected gases

For laminar flow ,

q (qc -(0.69) 1/3
gas Pr

For turbulent flow

%block -_ c _ - 0

HB1

Backface h -
S=mdx r w

frontfac e qC -

iA
q =phase change energy associated with surface

yap

Surface recession rate is assumed to be a raction rate controlled process that can be

beat described by an expression of tbe form suggested by Munson aLd Spindler, (Ref. 2)

f2 -3/w
j1 T e

At the backface of the virgin plautic or supporting substructure, the second boundary

condition on the equation is
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Meohanical computation solves the foregoing equations simultaneous and continuously
through the heating-peri6d. Input enviirnmental parameters -are distributed in, accord
with the mathematics among effects which include thermal conduction, heat storage,

A material degradation, gas formation and emission, and surface recession. The
functional REKAP incoi'porates a group, of mathematical, tolerance standards with
which the computations are constantly compared in order that the continual summa-
tion process- has a realizable terminal- result.

The model described was that employed to- model a material of specific characteris-
ties. However, as-presently -written, the REKAP has been-Piogrammed in a gen- -

eralized form. There exist at least six options which can be applied-to the general-
ized programin order to accommodate differet material characteristics. These
include-the charring ablators, the sublimers, materials which develop a liquid -layer
as well as several specific special cases. -

The R1EKAP uses the basic measured properties of a material. These normally
include experimental recession performance, thermal conductivity, emissivity and
perhaps others. It has been found that the complex organic materials employed in
ablative materials undergo complicated, difficult-to-measure thermochemical pro-
cesses such as chemical cracking. These processes may ble either endothermic or
exothermic and will modify the controlling parameters. Lacking appropriate experi-
mental data, the analytical model is-adjusted tin provide a properly calibrated-response

accounting for these processes. The model is modified to respond in-a manner .on-
sistent-with experimental behavior which is measured, using -relevant parameters to
coordinate the results. The calibrated model can then be employed to determine
material performance during re-entry along a specific trajectory.

In developing an adequate model for the composite corLsisting of carbon phenolic

overlaid on a highly insulative substructure of open weave quartz yarns, very
satisfactory progress has been made. The development was an extension of the
model of carbon phenolic previously described. The system req,,ired a two layer
nodel. Therefore, in addition to the thermal properties of the carbon phenolic,
suitable values for the appropriate properties of low density quartz were required.
An appropriate system for estimating the specific heat of the material assumed the
sum of the products of specific heat and density of the principal constituents divided
by the sum of the densities will yield a weighted mean value of the specific heat.
Since the PC product for air is relatively small, the weighted value for the LDQ is

p

2

I
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Fimllar to that of the silica fibers in the structure. Fortunately the values of the 4
principal components are not greatly disparate. In the case of the thermal conduc-
tivity, -values- approachig- those of, air were employed'. Although the fibers are more
condutive -they occupy a.very smalLportion of-the low density quartz vOlume, md,

only about on6 third-can be considered-as conductive patIs which will admlt heat to
-the-rear of~a specimen. 1<

The results obtained with the model indicate that little further profitable revision
may-bemade to-improve the model evolved on the basis of tests in the channet. For
the computations utilizing thepropertiesi a model was assumed which- incorpokated
a 3/8i' thick heat shield atop a 1/4 im layer of LDQ. The results, are given in the
accompanying series of graphs generated from the-computed results. Char developed
to a- depth- of more than-three tenths of: an inch (Figure 175). The model indicates that
ab6ut half of the char developed during the low thermal flux application and half during
the high. Wtis of incidental importance to note that previous tests of heat shield
materials of less than three tenths of an inch in thickness -actually were charred
completely- through.

Ablative recession _(Figure i76) was-predicted to be a little-over 125 mils. The value
is:very similar to that-predicted for the carbon phenolic alone. The result suggests
that the i~sulative layer does little to modify the response of the heat shield exposed
on the envirornxent. Also submitted- are surface temperature-profiles (Figure 177)-
and subsurface response ptirves (Figures 178 and [79) both as a function df time-and
of depth. The later pl6t-indicates the-markedly different rate of:conduction in the
insulative layer.

One possible region in which the insulative layer may be further refined is relative to
its thermal conductivity. It may be recognized that as temperatures at the interface
between the shield and the LDQ exceed 500 to 600"F, the resins which are subject toI degradation may begin to generate some gases or vapors of high molecular weight.
These gases can find their way into the interstices in the LDQ. As a result, the
thermal conductivity of the insulator as a whole may be subject to transient variations.
Higher temperatures may further modify this property by cracking or further degra-
dation of the gas or vapors cf high molecular weight. Presently, it appears that such
transient changes do little to affect the net conductive response of the material, but

their possible effects are recognized. Figures 180 and 181 show the thermal histories
used in the analyses. These are computer inputs.

The initial problem to be resolved in applying the REKAP computer program to the

High Integrated Heat Load investigation was that of providing a data input compatible
with the limitations of the basic computer program. The REKAP is comprised of
various equations designed to describe mathematically the interrelations among
physical phenomena which contribute to the thermochemical removal of material
from an ablator. For a material exposed to a severe thermal environment, it

attempts to establish a balance among the energy exchanged at the surface, the mass
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xemoved from the surface-and the thermal enemy conducted internally from the
surface. The numerical , solution of the equations is a process which-operAtes con-
sebutively and repetitively on iscrete numeric al elements. The accuracy with which
various rA ierical operations are performed consftuties-an inherent part of the pro-
grah_ and represents-a source-of operaidnat problems; the~inability to comoute g
- soution witilnthe pecied accuracy limits Will result in cessation-of the-compu-

tational sequence, Effectingthe necessary calculations within-the accuracy limits
programed-is achieved-by selection of suitable magnitudes in both the time and the
dimensiona! computation intervals. The heat transfer applied In the Integrated-Heating
program. is characterized by an abrapt twenty-fold increase. n orderfor:the com-
puter tohandle the abrupt change in-heating without failure, the computational time
intervals'were-greatl3r dqreasedin the temporal vicinity of the change.

In preparing the inputs, the nominal conditions specified-for-the ablation test pro-
gram wered entered. The program was applied to twenty degree tape wrapped carbon
phenolic, using the -existing model of. this material as it has been calibrated for flight
applications. Since calibration of the 200 TWCP for flight includes response to
Conditions in excess of those achievable in the test facility and provides compensation
for the more-significant shear aad pressures encountered in flight, it was anticipated
that the ablation~obtained by uqing tis model wou! I! exceed that experienced in the test
ficility. Indeed, since the model for flight has been thoroughly proven, the relative
dieference in the performance of test specimens compared to the computer predictions
constitute a m ethod of extrapolating for flight prediction-any new material modeled on
the basis of the facility tests.-

A successful computer rur. %as obtained. The program provides a continuous account
of the accuracy of the results obtained by piece-wise summation, and the data indicated
that the thermaLinput model-provided a good approximation of the continuous equation.
As might be expected the largest local excursion of the accuracy figures was at the
change in heat transfer. Nevertheless the net heat balance was quite good. The sur-
face temperature profile, the recession behavior and the subsurface thermal responses
at various depths are depicted in ] "ures 182, 183, and 184 respectively.

In general, the predicted results are consistent with expectations. The magnitude of

surface temperature at the low rate of heat transfer is in good agreement with those
obtained experimentally. While somewhat higher than. surface temperatures reported
for the experiments, the computer prediction for the high rate of heat transfer is
consistent with these data.

Since the cold wall heat transfer rates obtained in the experiments have been generally
below the anticipated nominal values, the observed difference in surface temperature
is plausible. Ablation was predicted to be larger than has been attained in the facility
test, as had been expected. However, the problem is not solely due to the calibration
of the model for flight; evidence has accumulated that under some heat load conditions
the fabric in the 200 TWCP tends to expand and take a permanent set, which tends to
render the net recession as unduly small. The net dimensional change on both Run
51-70 and Run 62-70 was apparently affected by such growth.
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It is interesting to examine. some specimen surface temperaWre data superimposed on

the computer-prediction. The-selection of ruis was arbitrary. Reference specimen

R2-4 was selected as representative of data acquired early in the program. It con-

sisted of the basic carbon (CCA1-1641)andt henolic (USP95) systems constructed
directly adjacent to-the aluminum backing plate in a manner analogous to tape wrap-

ped carbon phenolic. In contrast, specimen Cl-P was among thoe-recenty tested.

Although the shield portion was4fabricated from the same matexials as-the reference
specimen aid4n the same manner, it was separate from the aluminum backingplate
by aninsulative layer. Both specimens produced nearly identical response curves.

The data-tend to reconfirm the generally gqodreproducibility-btainble in the test

facility. Reviewing the:facilty dat it may be observedthat the energies delivered
to the- are heater during these- runs ̂ differed by less than 4-1/2% Gf their nominal

value. The-relativechange In magnitude of current and voltage between th6-two runs

01 and the corresponding pressure differences result in different enthalpies, It is in-

ferred that the decline in experimental surface temperature is a consequence of the

S-erosion of the specimen ablative erosion produces an increase in flow area and an

attendent increase in the expansion of the fJow gas.

Comparisons of actual and predicted valuesof surface temperature are shown in
.igures 182; other computed results are shown in Figares 183, and 184.

After having developed the-basic computer model designed to accept the abrupt rise in
fl] thermal input, the program was applied in two consecutive ateps. The first generated

predictions for conditions representing idealizations of the actual test environment

and the-second examined predictions for a closer approximation of typical test environ-
ments. The input models are-shown in Figure 185. Note that Vae second model con-

siders variable pressure and the correspondingly modified heat transfer. A notable
difference in the net recession was achieved (Figures 186 and 187). Although the
effect of the changes introduced iuto the second model are negligible at low heat input,

-I a significant decrease in the net recession is produced. The predicted recession
appears to agree favorably with results obtained experimentally. Specimen R2-9, for

-example, experienced an average recession of 135 mils, which exceeds the value
predicted by the more accurate model by only 6%.

If one considers the char laye; predicted, both models predict thicknesses in excess
of three hundred mils (Figures 188 and 189). Again, considering the results obtained
on R2-9, it was reported that the char had penetrated the entire thickness of the shield.
Since the original thickness was 420 mils, ablation, on the average has reduced the
thickness to 285 mils. This is significantly less than the predicted chars. Hence the
experiments are consistent with the predictions. Until actual composite predictions

are generated, it will be difficult to assess the net effects produced on ti.e thermal
balance of the shield material.
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Surface temperatures were little affected by the differences in the two models
(Fijgures 190 and 191). Low heat transfer inputs resulted in a maximum surface
temperature of 2200R while peak heatingdurng the application of high heat trans-
fer rates was approximately 4600 R. ItIs- of interest to note (Figure .J92) that the
change in pressure with attendant beat transfer ratie changes oproduces a "saddle"
in the high temperature plateau.

It is of interest to compare the conventional analytic ablation model with: that developed
In evaluating data in this program. For this purpose, a high, ntegratedheatifig-trajectory
was employed, with a heat transfer profile representative of a region on the frustum.
(Figure. 193). The-most unusual result deriving from the comparison of the two is
the difference in recession behavior. The difference is shown in Figure 194. When
the incident-heat transfer is very low, the two models showno difference. However,
when the heat transfer rate is increased, after about 70 seconds into re-entry, the
-standard model first trails the one developed in this program, then accelerates until
it yields a net recession two mils in excess- of it. The difference amounts to Less
than 1% of the total recession predicted. Also, the are but slight differences n the
chars predicted. Both the recession profiles and the char densities are presented for
both models in Figures 195, 196, 197 and 198 respectively.
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I.SUMMARY AND CONCLUSIONS

The principal objective of the program was to seek new material conecpts capable o! 1
sustaining a, high integrated heat load. The developmental materials were designed-
to provide lighter weight and more efficient thermal protection than conventional tape J

wrapped constructions. The program initially examined the therma resionse- of
three referene- materials and six developmental materials. Twenty-six Additional
concepts have been tested. Most of the test specimens were exposed to a long-time f
two step hea fiux environment in the five megaivatt air are heater. Six were exposed to
a dual channel test. Despite some rather -wide variations in the response of the
materials, it was possible to make comparative evaluations of the groups of specimens.
The following summary outline hiighlightF the details of program.

a. It was the objective of the program to evaluatethe abhltionperforynance and
insulative properties of a group of composite candidate nmaterials subjected
toa high integrated heat load. To.this end, performance goals consisted
of high resistance to thermomechanical suziace erosion, good insulative
characteristics for structuralthermal protection andlow total weight per
unit arem Detailed study was planned for asymmetrical -ablation char-
instability, and dimensional changes resulting from pyrolysis, in-depth
heating, ack of physical integrity, spallation or other thermomechanically
induced deleterious phenomena.

b. An investigation was made of the adequacy, limitations, and materials
problems- associated with the use of conventional tape wrapped carbon and
silica reinforced phenolic resin materials. Consideration was given the
spectfic components, fiber sizes, weave patterns and resin systems as
well as the geometrical orientation of the cloth fibers in the conventional
materials. Three were selected as reference materials. These were a
silica cloth/phenolic resin (C-100-48/USP95, Code 111) and two different
carbon cloth/phenolic resin systems: 1) CCAI-1641/USP95, Code R2 and,
2) Pluton BI/DP-2o10, Code R3.

c. To compare with these reference heatshield materials, four developmental
heatshteld combinations wcre considered. Different carbon cloths and silica
cloth were combined with pbeno <c resin: and polyimide resin. The corn-
binations consisted of VCXIDP2510 (Code AI), C-100-48/DP-2510 (Code A2),
C-100-48/Skybond 700 (Code A3) and CCAI-1641 'Skybond 700 (Code A4).

d. In order to effect a structure of lower wight per unit area, the heatshield
materials were incorporated into two layer composites. The subsurface
layer was designed to be highly insulative and of a low density. It consisted
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of a loom woven low densIty quartz (LDQ), which wasbonded to each of the
shield materials. The LDQ was made with silica pbenolc- strands alternating
at-right angles to give a-square wall pattern simulating a filament Wound struc-
ture. The composites were described as R2/LOQ (Code Cl). R3/LDQ-(Code 02)
and Rl/DO (Code C3).

e. :Additional development specimens were fabricated and tested in the second halfof the -program, and-are reported herein. They included: pQlyimide resinre-

inforted with carbon cloth (composite Code A4), quartz cloth (Code A7), and
silica-cloth (Code A3); two composites using LDQ-polyimide resin insulatie
layers, R2/LDQ-pplyimlde (Code C1) and A3/LDQ-polylmide (Code C5);
carbon-quartz bif ilament tape reinforced phenolic resin (Code C4); filled -- -silicone elastofners (Codes M and GEMi); simulated multiple, interlock,

filament-wound carbon filament reinforced phenolic resin (Code FW). -

f. Specimens for ablation test were obtained from larger fabricated plates of the
various materials. The finished specimens measured 5.0 x 1.75 inches.
Thicknesses were apprbpriate to the materials and material combinations.
All specimens were-processed !o simulate a- tape wrapped heatshield element.
An aluminum plate was bonded-to the shieldor the LDQ insulative layer. Each
specimen was equipped with five thermocouples. They were installed in
isothermal planes at progressively increasing depths. For dual channel te sting,
an alumifnum back-up plate was not used.

-g. The -specimens were tested in a facility poWered by a five megawatt arc.
The equipment -.Nas arranged to provide an integrated heat transfer of[.36,550 BTU/ft2 in two discrete heating pulses .during a 300 secord inter~al.

The nominal conditions achieved during the 230 and 70 second heating in-
tervals were 5,000 and 5,000 BTU/b enthalpy; 25 and 440 BTU/sec-ft 2

heat transfer and 0.4 and 2.5 lb/ft2 shear stress. The stepwise change
in heat transfer was obtained by redirection of portions of a constant net
mass flow of air. Dual channel testing was done in a modified holder in
the arc.

h. The test facility equipment was constructed around a rectangular two
dimensional flow nozzle. The nozzle was designed to provide an expansion
ratio of four from a plenum pressure of 60 psia at an enthalpy of 5,000
BTU/lb. The corresponding Mach Number was approximately 1.5.
Calculations were based on an assumed frozen flow. The specimens were
mounted to form one wall of the rectangular nozzle during test.

i. After test, recession profiles and char depths were determined from the
longitudinally sectioned specimen. The material performance was determined
as a function of distance along each specimen. The most representative,
average values were those obtained near the middle of the specimen. In each
case, a time resolved history of surface temperat-ire, subsurface tem-
peratures and local pressures was also obtained.
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S. The specimens tested in the arc channel configuration using a two stage heating
set-up can, be separated by reinforcement and resin-type into carbon, silica, -i
quartz, and silicone-composites. Of the carbon composites, the CCA-4 based
-material (R2-9) exhibit,ed the lowest roession rafe and the -most stable char
layer. The -insulative composites (GI-5, C1-6, C1-7, C-8, -C5-1, C5-2)
showed the improvwd back face response due to a low density Insulation layer.

k. The silica and quartz Materialh (A2-2, A7-1, A7-3) were fairly qlose in
A7-3) were hampered by the presence of cracks.

A A
1. The combination tape specimens (N4-1, C4-2, C4-1A) behaved very erratically.-

Y Two of -thethree specimens were consistent in response, and demoastrated
the effects of a non-biased fiber orientation. The fibers were ,,riented normal
to the heated air, and the composite was therefore more ;oductiv6 than abias
tape specimen.

m. The silicone elastoi-ier specimens ablated rapidly. Of the three specimens
tested, only DCM.-1 survived the full test environment--the GEM materials

_ablated through-before completion of the high heat portion of the run.

n. Of the dual channel experiments the carbon composites survived very well,
displaying some cracks-after test. Comparing the phenolic and polyimide
resin materials, the two appear to be equal in ablation properties.

o. The filament wound mterial ablated rapidly and showed an extremely uneven
char layer.

p. Irregular erosion was found at- the specimen-nozzle edge. This was possibly
Tr7due to a combination of irregular flow and thermochemical erosion. It may

be noted that the disturbed region is less pronounced in the more ablation
resistant materials.

q. A second disturbed region frequently occurs at the nozzle exit. This region j
ri is dependent on the pressure gradient within the nozzle. If the pressure within

the nozzle departs greatly from one atmosphere, a shock will be created at
I the exit. Enhanced local heat transfer will result. The ability of the system

t: ;to maintain appro~ximately one atmosphere is strongly influenced h; the

amount of specimen erosion which occurs. Obviously the ablation changes
the area of the nozzle exit, the effective area ratio, and the characteristics
of local conditions furnished by the heated gas.

r. The design of the two-step heating nozzle has been improved. An optimization
of the design has been achieved by incorporating elements tending to reduce
the surace area through which heat is transferred to the cooling water. This
lowered the requirements of arc heat operation and provided longer operating
life for the arc heater components.
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s. An improved high heat flux facility has been developed in the dual channel -

test set-up.

t. The analytical study demonstrated the development of a computer code that "
was ._bie to predict actal test performances in a Consistent and adcurate
manner.
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IV. RECOMMENDAURONS

Based on the results obtained thus far in the program, the following recommendations
are-made:

a. Develop higher temperature insulative components based on carbon micro-;
spheres, reflective radiation barriers, and ceramized plastics. Based on
the information ob'-tan- l ir- LI , these material approaches seem promising.

b. Utilize newly developed open weave, low thermal conductivity carbon fibers
as both ablative and insulative components.

c. Continue to investigate new, high char yield heterocyclic resins.

d. Further refine the performance of the are facility in both the arc tunnel and
dual channel modes.

e. Several tests have demonstrated dramatically the thermally induced enlarge-
ment of carbon fiber composites. Itis recommended that, in the interest

of more precise- design, an investigation be -made of the enlargement
phenomenon, as related to incident- heat flux and duration of application.
In developi iig optimized shield design, it is believed that the detailed be-
havior of carbon phenolic must be understood.
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TABLE II. CONCEPTS FOR TEST

Specimen- Run 'tleat Shield Insulator Structure

A-1-3 16 CCAI-.Cirbon-PolyIlde None Alumifnum _
{ (Addition Type) .

A4-4 17 CCA1-Carbon-Poly'lmide None Aluminum
(Addition Type)

C4-1 19 Combination Tape Carbon-Quartz Aluminum
Phenolic

A4-2B 20 CCAi-.Carbon Polyimide (Low None Aluminum
-;41 density)

A3-t 22 Silica Polyimide (Addition Type) None Aluminum

A2-2 2.'1 Silica Phenolic None Aluminum

C4-2 25 Combination Tape Carbon-Quartz Aluminum
Phenulie

I C1-6 49 CCAl-Carbon Phenolic Genon/Quartz Aluminum
Low Density
Layer

ATJ/CP 51 DUAl. CHANNEL TEST

' I CI-s 60 CCA 1-Carbon Phenolic Genlon/Qunrtz Aluminum
Low Density
Layer

DCM1 61 DC 93-104 Silicone Elastomer None

C5-1 62 Genion/Quartz
,,Gemon/CCAI I-,cat Shield Low Density .\limi

C5-2 53 Layer

112-9 6,1 CCAI-Carbon Phenolic A--umim-

C1-7 65 Similar to C1-8

I A7-1 4(71) Quartz/Gemon P- Aluminuim

A7-3 6(71) Quartz/Gemon (900F Post Aluminum
! Cure)

GEM-2 7(71) TBS 452 (unmodified) Aluminum
, GEM-1 7(71) TBS 452 (modified) Aluminum

( C4-1A 9(71) Combination "ape Composite -Aluminum

A4-7 22 CCA1/Gemon Polyimide Dual
--- --- --- A l intun

Mr-5 22 Channel Run

A4-; 2: CCA I /Gtmon Polyinlide Aluminum

A3-8 2:1 Silica/Gcmon Polyinide .\luminum

FW- 1 Filament Wound PX505/510 ESM A luimium
Phenolic
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TABLE TV, ELEMENTAL ANALYSES

Sample % N __ _ C _ if

-! . 0.09 22;31 0.01 LI
- No.2 .0.13 20.23 0.18

No-. 3 0.06 20.67 0.78
No. 4 0.08 23.12 1.40

R2-4 No. 1 0.13 98.49 0.22
No. Z 0.53 96.99 0.42
"o. 3 0.52 93.50 .44t

No. 4 1.25 88.75 2.08r

R3-6 No. 1 0.99 87.37 0.10
No. 2 1.37 86.93 0.67

oj

No. 3 1.27 85.50 1.82
No. 4 1.81 78.14 2.84

A3-4 No. 1 0.60 13.93 0.11
0.80 14.19 0.08

No. 2 0.56 15.14 0.05
0.85 15.00 0.05

No. 3 2.72 18.32 1,23
2.80 19.35 1.36 .__

r No. 4 3.00 22.6 1. 61-

I 2.81 23.52 1.69

7 The designation of No. 1 through No. 4 indicate the area of the specimen
from which the sample was obtained: No. 1 is the charred surface;
No. 2 midway through the char layer; No. 3 is from the transition zone;
No. 4 is virgin material.
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TABLE V. FLEXURAL STREMGTH OF COMPOSITES

I ISample ra Ulim~xate Flexural'
Sape Mdl' Str4ength I .G-

Rlefrasil Phenolic 20W Comp -1 i.45 - - -j 1 1.68
(Rrl) -2 14

Carbon Phenolic 20* Comp -1 2, - I 23, 3fI 1.50
(R-2) -2 -2.1? 24 -- *?

Carbon Phenolic 200 Comp -1 1.72 16"qu 3-5
(Low Density-Comparison -2 1 j54 , - 4 -6,24-

only) "

Carbon Phenolic 20 Comp -1 1.89 j 22,63.1. - -

(2)-2 2.20 ' 23,490I - I

GE Polyimide 20* Comp -1 18,_2g .43 "
A4-3 -2 1.68 27,417

ii

'7
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Figure 1. Nominal Shear and Heat Transfer Ablation Test Program

4-4

Figure 2. Close- up View of Water Cooled Nozzle Assembly
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-Figure 3. Over View of Wedge -Plenum GCerdien Are -with Water Cooled
Coppet Nozzle Assembly Attached

RQV-

Detals o ilustrationS in
tj~s dcumnt may be bet

suidon MicrOtiche

Figure 4. Cast, Impregnated Cylinder
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Figure 5. MachinedCylinder
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Figure 6. Combination Tape suidOlmcoih
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-7. IO

Figure'7 Coihbination Cbnkpositelo

t,13

Figure 8. Dual Channel Set-Up
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Figure 17. 'Plenum Pressure, Specimen C1-6, Rin 49-70
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Figure 18. Composite C1 in Channel (T4MN,3) Hemerature
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